Abstract. The trajectory accuracy of the carbon fiber 3D forming robots is one of the key factors to ensure the quality of forming. It is well known that carbon fiber 3D forming robots have high repeatability but low accuracy. Compared to conventionally used calibration methods, dual-PSD based methods provide a more efficient way to accurately calibrate the joint offsets of industrial robots. But the stability of dual-PSD calibration system requires a strict proof in mathematics when the relationship between the robot base frame and the PSD frame is unknown. In this paper, by using an adaptive algorithm based on Lyapunov function, we can estimate the unknown parameters online without the parameters of the relationship. It is proved that the laser spots were stable to the desired positions on the dual-PSD plane. The performance is confirmed by the simulations at last. The carbon fiber 3D forming robots positioning accuracy can reach 0.0222mm when the method proposed in this paper is used successfully. In this case, the quality of the forming can be assured.
Introduction
Carbon fiber is a new type of industrial material and has been applied in many fields. The carbon fiber 3D forming robots can print various precise parts, so its' accuracy is of critical importance. The high precision automatic calibration system is a hot research topic to improve the precision of 3D forming robot localization. Dual-PSD based robot calibration system has been proposed in reference [1] . Due to that the position of the dual-PSD in the robot's task space is unknown, the study on the stability of the unknown system is the primary problem of the calibration method. For the study on the stability of robot system, models and control approaches based on dual-PSD have been proposed by Yunyi Jia, Chengzhi Su, et al. [2, 3] and the simulation experiments have been carried out. Zhihui Deng, Yunyi Jia, et al. [4] have designed the dual-PSD based adaptive alignment algorithm and have given a conclusion that the system is stable by simulation. Yantao Shen, Guoliang Xiang, et al. [5] have adopted visual servo control on a planar robot when the transformation matrix between the CCD camera frame and the robot base frame is unknown and have proved the stability of the system by Lyapunov method. In literature [6] , Yantao Shen, Ning Xi, et al. have proposed the adaptive algorithm when the position of the PSD array is unknown in the robot task space, eventually have reached the conclusion that the laser spots were stable to the desired positions. For the stability of the system, in the literature [2] [3] [4] , the corresponding control algorithms have been proposed, and the simulation results have been demostrated, however, the theoretical proof has not been discussed. In literature [5, 6] , the discussion of the system stability was only on planar robots. There is no theoretical proof about the stability of the space robot calibration system based on dual-PSD. The Lyapunov function based adaptive estimation law is designed and the large scale asymptotic stability of the calibration method have been proved in this paper, which lays a theoretical foundation for the study of the calibration system.
The Dual PSD Calibration System Overview
The calibration configuration is shown in Fig. 1 . The configuration includes a 6 degrees of freedom (DOF) manipulator to be calibrated, an industrial robot controller (IRC5 Compact), a laser pointer, a camera fixture and our position sensitive calibration fixture (PSCF). The semiconductor laser is mounted on its fixture and rigidly attached to the robot TCP. Two segmented PSDs are mounted on the two surface center of the PSCF as shown in Fig. 1 . PSD is a high-precision photoelectric position sensor; it has a resolution of 0.1μm. As shown in Fig. 2 . The calibration method requires a laser beam to shoot at one of the PSDs at a certain angle and the reflected beam to shoot at the other PSD. Our servo control algorithm can make sure that the two laser beams tend to PSD center simultaneously. After the raw data of the spot position information is obtained by the PSD driver board, the signal from the data acquisition card is sent to the USB wireless hub. Once the data reaches the computer, the PC-based controller is used to make the two laser spots reach the desired position. Fig. 2 l represent the reflected line of the PSD1 plane and the PSD2 plane respectively. Fig. 3 The dual PSD calibration device. Combining Eq. (4) and (7), the forward kinematics model from the robot joints to the dual-PSD is derived:
The unknown parameters of the formula (9) are placed in the 12×1 column vectorθ , so that the known partial and unknown parameters are completely separated. That is
Robotic Dynamic Model. The dynamic model of the robot with 6 degrees of freedom is estimated using Newton-Euler method; it follows the robot dynamics equation: 
The Proof of Asymptotic Stability based on the Lyapunov Equation The Establishment of the Lyapunov Equation.
In order to prove that the laser spots tend to the desired positions on the double PSD plane, the Lyapunov function is defined based on energy method: 
According to the characteristics of robot dynamics,
, so we have:
Combining (11) we have:
The Design of Adaptive Control Law. The control problem belongs to the fixed point control, we can adopt PD plus gravity compensation algorithm to design the adaptive control law: 
The error between the real and the estimated value of the spot speeds:
The Design of Adaptive Parameter Estimation Law. Substituting the designed control law (16) into Eq. (15), and combining Eq. (10), we can derive that 
To get a stable system and make q & and θ ∆ asymptotically stable to the desired value, an adaptively estimated law is designed as
B is a positive constant. Simplifying Eq. (20), the adaptively estimated law can be written as:
The Proof of Asymptotic Convergence. The expression (21) 
Simulation Experiments
Materials. The density of the carbon fiber is 1.6-2.5g/cm 3 . It has small thermal expansion coefficient, good thermal conductivity, good wear resistance and resistance to chemical corrosion. The performance of carbon fiber is very stable at 400 degrees, so it has a good performance of high-temperature resistance. Methods. To verify the validity of our calibration method, we show the stability of our calibrated system based on dual-PSD by simulations. The block diagram is shown in Fig. 4 . For the simulation, the following data is used: positive constant is set to 0 in this simulation. Fig. 5 shows the simulation results ,we can see that the laser position errors tend to zero quickly and the estimated values θˆtend to the real ones with the time increases. According to the simulation experiments, the system is large scale asymptotic stable. The part data of simulation is shown in Table 1 
